INTRODUCTION
Recent studies have demonstrated a role of NAD + e (extracellular NAD + ) [1] [2] [3] [4] as a signal metabolite, significantly expanding its physiological functions beyond the long-known intracellular ones. The common denominator of these extracellular activities is upregulation of [Ca 2+ ] i (the intracellular calcium concentration). Although earlier investigations suggested cell lysis as the possible source of NAD + e , recent findings indicate the involvement of specific release mechanisms that can be triggered by mechanical stress [3] or by electrical field stimulation [5] . NAD + release can occur in several cell types by means of an equilibrative transport process across Cx43 (connexin 43) hemichannels: NAD + efflux, potentially detrimental to cells, is down-regulated by high [Ca 2+ ] i levels via protein kinase C-mediated Cx43 phosphorylation [1] .
Incubation with NAD + e of several mammalian cell types (astrocytes, osteoblasts, CD38-transfected fibroblasts and HeLa cells [2, 3, 6] ) expressing the ecto-ADP-ribosyl cyclase CD38, which converts NAD + into the intracellular calcium mobilizer cADPR (cyclic ADP-ribose) [7, 8] , has been shown to up-regulate [Ca 2+ ] i via a cADPR-induced intracellular Ca 2+ -release mechanism. Binding of cADPR to the intracellular RyRs (ryanodine receptors) [9] [10] [11] [12] is ensured by several transport mechanisms for this cyclic nucleotide, which overcome the topological restrictions imposed by the ectocellular localization of the catalytic domain of the cyclase [1] . Thus: (i) CD38 itself also behaves as an active cADPR transporter across the cell membrane [6] ; and (ii) extracellular cADPR can cross the plasma membrane through several NTs (nucleoside transporters), including concentrative NTs, widely expressed in most cell types [1] . NAD + e -induced internalization of CD38, which has been observed in carcinoma cell lines [13] , may also act in concert to shift cADPR metabolism from the extracellular to the intracellular environment.
Ectocellular ARTs (mono-ADP-ribosyltransferases; [14] + or P2X 7 -induced pore formation has been ruled out [17] .
In granulocytes, respiratory burst and migration are known to be activated by a [Ca 2+ ] i increase [18] [19] [20] . Involvement of cADPR in the regulation of granulocyte functions was unequivocally demonstrated by Partida-Sánchez et al. [21] , who showed that deletion of CD38 renders mice susceptible to Streptococcus pneumoniae infection because of failure of their neutrophils to migrate to the infected lung tissue. This functional impairment of the CD38 −/− neutrophils is caused by absence of the cADPR-induced [Ca 2+ ] i increase, which in control mice is largely due to influx of extracellular Ca 2+ across SOCCs (store-operated Ca 2+ channels). In addition, cADPR proved to regulate chemotaxis through Ca 2+ mobilization in human granulocytes and monocytes stimulated by engagement of selected chemoattractant receptors [22] .
The emerging data on NAD + e as a signal molecule regulating cell functions and the key role of the CD38 + /cADPR system in neutrophil chemotaxis prompted us to investigate whether NAD HPLC analyses of nucleotides and purification of α-and β-NAD + HPLC analyses of nucleotides, to evaluate their grade of purity, were performed as described in [23] . Either α-or β-NAD + (1 µmol; Sigma) was purified by preparative phosphate HPLC analysis, performed on a C18 column (300 × 7.8 mm, 15 µm-diameter; Waters); buffers and gradient were prepared as described in [23] , and the flow rate was 2 ml/min. The α-or β-NAD + peaks were collected, dried, resuspended in 250 µl water and submitted to preparative formate analysis on the same column type; buffer A was 10 mM formic acid containing 5 mM tetraethylammonium, pH 4.0, and buffer B was buffer A also containing 50 % (v/v) methanol. The solvent programme was: 100 % A for 5 min, linearly increasing to 100 % B for 15 min; 100 % B for 10 min; flow rate 2 ml/min. The α-or β-NAD + peaks were collected, dried and resuspended in water: the purity of the nucleotides was confirmed by the analytical phosphate analysis. Nucleotides were identified and quantified by comparison of their absorption spectra and peak areas with those of computer-stored standards.
Isolation of human granulocytes
Buffy coats, prepared from freshly drawn blood of healthy volunteers, were provided by Galliera Hospital, Genova, Italy: granulocytes were isolated by density centrifugation through FicollPaque TM Plus medium and hypotonic lysis of erythrocytes, and resuspended at 60 × 10 6 /ml in RPMI 1640 medium. The preparation contained > 95 % granulocytes, as verified by MayGrunwald-Giemsa staining, and > 98 % viable cells, as measured by the Trypan Blue dye exclusion method.
Fluorimetric measurements of [Ca 2+ ] i
Granulocytes (30 × 10 6 /ml) were loaded with 10 µM Fura/2AM for 45 min at 25
• C in RPMI medium, washed with HBSS (Hanks balanced salt solution; cat. no. H8264; Sigma) and resuspended in the same solution or in a Ca 2+ -free HBSS (cat. no. H6648; Sigma) at 5 × 10 6 cells/ml. Following cell sedimentation on a 20 mm coverslip mounted on a 200 µl volume chamber, Ca 2+ measurements were performed as described in [24] .
Determination of [cADPR] i (intracellular cADPR concentration) levels
Granulocytes (30 × 10 6 /ml) were incubated at 25
• C with 0, 1, 10 or 100 µM α-NAD + . At 0, 1, 2.5, 5, 15 and 60 min, a 500 µl aliquot of the suspension was withdrawn and processed to measure the cADPR content [25] .
Determination of [cAMP] i (intracellular cAMP concentration) levels
Cells were suspended in HBSS (30 × 10 6 /ml) and pre-incubated for 5 min at 25
• C in the presence of the cAMP phosphodiesterase inhibitor Ro-20-1724 (10 µM final concentration). After incubation with 0, 1, 10 or 100 µM α-or β-NAD + , a 300 µl aliquot of the suspension was withdrawn at different times and the reaction was stopped by adding 20 µl of 9 M PCA (perchloric acid). PCA was removed as described in [25] .
[cAMP] i was determined using the [ 3 H]cAMP assay system.
Assays of ADP-ribosyl cyclase activity
Intact cells were resuspended in HBSS (60 × 10 6 /ml) and incubated at 25
• C with or without 100 µM α-NAD + for 10 min, or 500 µM 8-Br-cAMP (8-bromo-cAMP) for 30 min. After addition of protease inhibitors (10 µM pepstatin, 0.1 mM aprotinin and leupeptin) and a 1:100 dilution of phosphatase inhibitor cocktail (Sigma cat. no. P2850), control and either α-NAD + -or 8-BrcAMP-stimulated cells were lysed by sonication on ice for 1 min at 3 W using a W380 ultrasonic processor (Heat-System Ultrasonics, New York, NY, U.S.A.). ADP-ribosyl cyclase activity and protein content were measured on cell lysates as described in [25] .
Oxidative burst of granulocytes
Superoxide generation was quantified using the cytochrome c reduction assay [26] . Cells were resuspended in HBSS at 5 × 10 6 cells/ml, and 225 µl of the suspension was incubated with 50 µl cytochrome c (0.2 mM) and stimulated (or not) with 1, 10 or 100 µM α-or β-NAD + for 30 min at 37
• C. Samples were centrifuged at 5000 g for 15 s and the absorbance of the supernatants was recorded at 550 nm (reduced cytochrome c peak absorbance) and 540 nm (reference). Results are expressed as the difference in absorbance between the two wavelengths.
Determination of NO
Cells (60 × 10 6 /ml in RPMI medium) were incubated for 60 min at 37
• C with or without α-or β-NAD + . Samples were centrifuged at 5000 g for 15 s, supernatants were recovered and diluted with an equal volume of Griess reagent (0.1 % naphthyl ethylenediamine dihydrochloride in distilled water/1 % sulphanylamide in 5 % concentrated H 3 PO 4 ), and the absorbance at 545 nm was estimated for 100 µl aliquots after 10 min. A standard curve was generated in parallel with known amounts of NaNO 2 .
Chemotaxis
Granulocytes were resuspended at 10 × 10 6 /ml in chemotaxis buffer (HBSS, PBS and 5 % albumin; 39:16:1 by vol.). Chemotaxis assays were performed using 96-well ChemoTx system microplates (Neuro Probe, Inc., Gaithersburg, MD, U.S.A.) with a 3-µm pore size polycarbonate filter. α-or β-NAD + (0.1-100 µM) was diluted in chemotaxis buffer and added in the bottom wells. Cell suspensions (25 µl) were placed on top of the filter. Granulocytes were incubated for 60 min at 37
• C. The transmigrated cells were transferred into a 96-well plate and quantified by adding 60 µl of a solution composed of 0. EGTA ( Figure 1C ). On the contrary, no Ca 2+ responses were recorded upon incubating granulocytes with 100 µM NADH or NADP + . We then evaluated the presence of contaminating nucleotides in commercial batches of β-and α-NAD + e : HPLC analysis demonstrated < 5 % and < 1 % ADPR respectively, whereas ATP was not detected. The addition of the amount of ADPR expected to be present in 100 µM β-NAD + e (i.e. 5 µM) did not result in any Ca 2+ increase, thus ruling out the possibility that the effects obtained with 100 µM β-and α-NAD + e were due to contaminating ADPR. Nevertheless, we also purified both β-and α-NAD + by means of a HPLC preparative method (see the Experimental section). [28] , or ryanodine at 50 µM (Table 1) , a concentration known to inhibit Ca 2+ release from cADPRresponsive stores [11] . The extent of inhibition of the Ca + and CD38 − 3T3 cells, demonstrating the co-operation between IP 3 and cADPR in the generation, and especially in the shaping, of the ATP-induced calcium response [29] .
These results implicate cADPR as being responsible for the NAD + -induced Ca 2+ increase, which was abrogated in the presence of extracellular EGTA (Figure 1 Stimulation of ADP-ribosyl cyclase activity by hormones or extracellular agonists in a variety of cell types has been reported to occur via PKA-mediated phosphorylation of the cyclase [37] [38] [39] [40] . To investigate a possible involvement of protein kinases in the NAD + e -induced activation of ADP-ribosyl cyclase, human granulocytes were pre-incubated with either staurosporine, a non-specific inhibitor of protein kinases, or a cell-permeant, PKA-specific myristoylated peptide, before incubation with α-NAD also contribute to activation of ADP-ribosyl cyclase under these conditions. The inhibitory effects afforded by staurosporine and by the PKA inhibitor on the α-NAD Taken together, these data support the conclusion that stimulation of ADP-ribosyl cyclase by NAD + e in human granulocytes occurs mainly via PKA. We then tested the effect on O 2 − generation of a number of compounds known to interfere at various sites in the signalling cascade triggered by β-NAD + e and resulting in the sustained [Ca 2+ ] i increase. As shown in Figure 4 (B), O 2 − production triggered by 100 µM NAD + e was reduced by 60 % upon pre-incubation of granulocytes with 100 µM 8-Br-cADPR, with 50 µM ryanodine, or with the ADP-ribosyl cyclase inhibitors nicotinamide (20 mM) and Cibacron Blue 3G-A (50 µM) [11] . Thus cADPR appears to have a causal role in the NAD (Table 1) . Pre-incubation of granulocytes with 100 µM 8-Br-cADPR ( Figure 4A ) or with 50 µM ryanodine also reduced nitrite production by 100 µM β-NAD Migration of granulocytes in response to chemoattractants is critical to ensure the fast deployment of these cells and of their defensive functions (phagocytosis, O 2 − and NO production) at the site of inflammation [21, 22] . Therefore we investigated whether β-NAD + e , the naturally occurring NAD + form, can attract granulocytes along a concentration gradient, as would occur at sites of inflammation, where [NAD + ] e is expected to increase well above the nanomolar levels present in blood plasma [16] . When different concentrations of β-NAD + e were placed in the bottom well of a chemotaxis chamber, a bell-shaped response was observed, with maximal migration being recorded in response to 10 µM β-NAD + ( Figure 5 ). α-NAD + e was as effective as β-NAD + e in stimulating cell migration ( Figure 5 ), whereas NADH and NADP + did not evoke any chemotactic response at the same concentration, in agreement with their failure to evoke a Ca 2+ response. The CI calculated for 10 µM β-NAD + was similar to that observed with the same concentration of ATP, a nucleotide known to behave as a chemoattractant [27] .
Pre-incubation of cells with 100 µM 8-Br-cADPR completely abrogated the migration induced by 10 µM α-or β-NAD + (Figure 5 
DISCUSSION
In a number of mammalian tissues, NAD + e , released through Cx43 hemichannels from ADP-ribosyl cyclase-positive and cADPR-generating stromal cells, has a hormone-like role, regulating specific parenchymal cell functions (smooth myocyte contraction, glutamate release from astrocytes and expansion of haemopoietic progenitors) [1] . In these cell systems, cADPR behaves as a second messenger, and the cADPR-induced [Ca 2+ ] i increase is the ultimate intracellular signal modulating cell functions [1] .
In other cell systems, e.g. in blood cells, NAD + e is an agonist of important functional responses by means of mechanisms other than direct, ADP-ribosyl cyclase-catalysed conversion of NAD + e to cADPR. Gerth et al. [17] demonstrated that NAD + e triggers the influx of extracellular Ca 2+ in human monocytes. In murine T-lymphocytes, ART-2 mediates ADP-ribosylation of surface proteins, which results in the activation of the P2X 7 receptor followed by extensive Ca 2+ influx, pore formation and cell death [4, 15, 16] . The present findings demonstrate for the first time that NAD influx. A Ca 2+ influx triggered by cADPR generation has been documented already in Jurkat T-lymphocytes [31] , human monocytes and neutrophils [22] , and also in lymphokine-activated killer cells [34] . Specifically, in human neutrophils the engagement of a discrete subset of chemoattractant receptors elicited a significant, 8-Br-cADPR-inhibitable influx of extracellular Ca 2+ [22] . How cADPR, an intracellular Ca 2+ mobilizer, stimulates Ca 2+ influx is still unknown, but two possible mechanisms have been postulated [22, 34] : (i) direct opening by intracellular cADPR of a Ca 2+ channel on the plasma membrane, and (ii) activation of SOCCs induced by Ca 2+ released from RyRs. In the present experimental system, no evidence of an intracellular Ca 2+ release could be detected in the presence of millimolar concentrations of extracellular EGTA (Figure 1 [41] have demonstrated that the transient receptor potential channel of the melastatin-related family TRPM2, a Ca 2+ channel known to be activated by ADPR [42, 43] and to be expressed in human granulocytes [44] , can be gated by cADPR itself, and that cADPR and ADPR synergize in activating this channel. Activation of CD38 in NAD + e -stimulated granulocytes is indeed expected to enhance the intracellular conversion of cADPR into ADPR via its cADPR hydrolase activity. Thus TRPM2 may also be involved in the NAD [45] in immature dendritic cells: thus ATP e triggered a concentrationdependent Ca 2+ signal, in contrast with a bell-shaped chemotactic response. Since no substantial differences were observed between α-NAD + e and β-NAD + e in eliciting the chemotactic response, the weak effect recorded at the highest concentration cannot be related to the extracellular generation of the β-NAD + e metabolites cADPR and ADPR. The biphasic pattern of chemotaxis seems rather to represent an intrinsic feature of this granulocytic response to various agonists [45] .
The high sensitivity of granulocytes to the chemotactic attraction of NAD + (with 10 µM eliciting the maximal response; Figure 5 ) supports the view of a role of the dinucleotide in recruiting granulocytes at sites of infection/inflammation, where NAD + e levels are expected to be enhanced [16] . The fact that α-NAD + induced the same responses (in terms of [Ca 2+ ] i and [cAMP] i increases, NO and reactive oxygen species generation, and chemotaxis) as β-NAD + , whereas β-NADH was completely inactive, may suggest that an oxidized nicotinamide moiety is important to induce these functional effects in human granulocytes. In fact, α-NAD + has been observed to behave similarly to β-NAD + in other experimental systems, either binding to an oxidized NAD + -specific site on the renal brush-border membrane from rat kidney [46] or functioning as a substrate or as a competitive inhibitor of NAD + -dependent dehydrogenases from mammalian, yeast and bacterial sources [47, 48] . Thus apparently α-NAD + can specifically interact with NAD + -binding sites on some receptors and dehydrogenases. The physiological significance of these observations remains to be elucidated.
The present results indicate that NAD + e can play an as-yetunrecognized role as a pro-inflammatory cytokine, potentially activating the natural defences of the host against pathogens. Therefore this multifaceted dinucleotide is able to have a significant involvement in innate immunity, triggering activation of granulocytes via cADPR overproduction and sustained [Ca 2+ ] i elevation.
